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AN ASSTRACT
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cfl Stanton number measurements have been made for a transpired turbu-
lent buundary layer on a vough surface. Tests were conducted at uniform
blowing tractions trom U to .0U8, with uniform surface temperature and
uniform frec—stream‘gg}ocity. The x-Reynolds number range of these tests
to(/107 and the roughness Reynolds number range trom 20

)
to 200. The data are believed to be accurate to withia *.U001 Stanton

wds from lus
‘AL

aumber units over most of iliis range. At each test condition, several
velocity profiles were taken to measure the boundary layer growth, The
bounddry layer momentum thickness variation dlong the test suilace has
been used to estimate rough-plate skin friction.

The data indicate the expected increase in both skin friction and
heat transfer due to roughness. The data display some unusual teatures
when plotted against boundary layer size., Vor any given value of F,
tor all free-stream velocities, the Stan number data fall on a single
curve when plotted against enthalpy thi-kiness, and the skin friction data
collapse (but less well) to a siugle curve when plotted against momentum
thickness. This behavior might have been expected for a "tfully rough'

plate but was not expected at the lower end of the roughness Beynolds

— m————

number range of these tests., The blowing data indicate that within the
uncertainty of the experiment, a form of the Couette flow model used for
smooth surface boundary layers can also b« used for rough surfaces to
predict the effects of blowing on Stanton number.

Predictions of the experimental boundary layers have been carried
out using 4 finite-difference boundary layer prediction method which
employs the Patanker-Spalding tinite-difference forpmlation and a mean
field closure with a mixing-length model employing van Driest type damp-
ing. The ¢ffects of roughness have been incorporated into this predic-
tion program by modification of the mixing-length model uded for smooth-
surface turbulent boundary layers,

The apparatus constructed for these tests is a closed-loop wind
tunnel using alr at essentially ambient condition as both the transpired

and free-stream fluild. The rough surface consists of 24 porous plates

i v
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forming an eight foot lcng test section. The individual plates were
fabricated by brazing together 50-mil OFHC copper balls stacked in
their most dense array. In the test section assembly each plate is ;
individually controlled with its own electric heater, transpiration air %
supply and instrumentatlon. The construction of the tegt gection is
such that blowiug, no blowing, and suction cases can be tested.
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NOMENCLATURE

van Driest damping funcricn for a smcoth surface.
van Driest damping fumction for a rough surface.
Blowing parameter, F/St.

Defined by Equatiom (4-9).

Specific heat of fluid, Btu/lbm‘F.

Skin friction coefficient, T_/(pul/2)

Pipe diameter, ft.

Paraceter defined by the equation y+ - % fn (Ey+)

Blowing fractiom, p_v_ /0,4,

Proportionality factor in Newton's Second Law, lblll i:'t/ll:tf ucz.

Free-stream vass velocity = p u_, 1bm/uc ftz.
Roughness part‘cle size, ft.

Equivalent sand grain roughness size, ft.

mixing length, ft.

Mixing length at wall, ft.

Mags flux through tha plate surface, 1hm/uc fe2.
Exponent in equatisa (1-1).

Ball radius, ft.

Temperature, °F.

Boundary layer free~stream velocity, ft/sec.
Shear velocity = m , ft/sec.

Velocity normal to the test surface, ft/sec.
Average velocity in a pipe flow, ft/sec.
Distance méagured downstream rrom test section inlet, ft.

Distance weasured downstream fiom test section inlet to virtual

ovigin, f¢t.
Digtance normal to the surface, ft.
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Nomenclature (comt.)

Greek

R

99

> O O A C

€ ¥ U b @© K

Thermal diffusivity, fczlscc.

Kinematic viscosity, ftzlscc.

Wall ghear stress, lbf/ftz.

Boundary layer displacement thicknass, ft.

99% thickness of the momentum boundary layer,
Proportionality constant used in outer region mixing-length.

formulation (L = Adgg).

Mixing-length constant, L = gy.
Boundary layer momentum thickness, f£ft.
Boundary layer enthalpy thickness, ft,
Density, lbm/fts.

Viscosity, lbm/sec ft.

Humidity, lbm vater vapor/lbm dry air

Dimensionless Groups

Re

.o e S e e e ———

- e .

Pipe Reynolds number = dv/v.

Roughness size Reynolds number = ku_ /v.
Roughness Reynolds number = k.ut/v.
x-Reynolds number = xu_/v.

Momentum thickness Reynolds nuumber = 6u_/v.
Enthalpy thickness Reynolds number = Au_/v.
Stanton number = h/Ge

Stanton number error, see Equation (2-2),
Stanton number without blowing = h/Ge.
Prandtl number = v/a.

Turtulent Prandtl number.

ft.

- i -




Nomenclature (cont.)

Subscripts
® Refers to free-stveam conditions.

Refers to value on fluid side of wall - fluid interfacs.

Reafers to condition of transpiration flow Lausath porous plats.
Thermal (used as mizing-leagth subscript).

Momeatum {(ugad as mixiang-length subscript).

Smocth asurface valua.

& p = A €

Suparscripts
+ Refers to variables non-dimensicnalized in wall coordinates;

Y e u_/v
y = yu/v.
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CHAPTER 1

INTRODUCTION AND BACKGROUNU

Heat transfer between a surface and a fluid stream is affected by
the surface condition, tle fluld properties, the velocity field, and the
t.ermal boundary conditions., Studies of this complex interaction are
generally conducted by fixiag all but one of these descriptors and vary-
ing the remaining one to determine its effect. Most prior studies of
boundary layer heat transfer have been concerned with the effects of
fluid properties, temperature boundary conditions, or wain stream veloc-
ity distribution, Current interest in protecting surfaces by transpira-
tion or ablation has introduced a class of problems in which surface

rouglness 1s an unavoidable leature.l

A. General Background

Much of what we “uow about rough surfuce hydrodynamics is based on
ideas and results of the pipe flow experiments by Nikuradse [9].2 To
avold the difficulties of defining an arbitrary rough surface with an
uncertain distribution of roughness elements, he investigated the flow
through sand-grain rougliened tubes. Roughness elemcnts for these exper-
iments consisred of selected sand, carefully sieved and attached in
maximum density to the tube walls. The roughness in these experiments
was described by a single parameter, ks. the size of the sand-grain
elements. This 'sand-grain' measure of roughness has become a standard
in skin friction studies. It is still common practice to express the
effect of an arbitrary roughness in terms of an 'equivalent sand-grain

roughness', ks'

1 This {ntroductory paragraph was first used by Professor Moffat in the
original proposal to the Navy for the rough surtace research contract

that supported these tests. This same introduction was repeated again

in ecach of the 12 quarterly reports describing our progress on the project.
It seems appropriate that it be used again to introduce the final report-
ing of this phase of the roughness work.

2 Numbers in brackets refer to references listed at the end of this report.
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The pipe flow experiments showed three domains of behavior in terms
of the ruughness Reynolds number, Re = uTks/v. For values of roughness
Reynolds number less than 5 the flow behaved as though the surface were
smooth. For values of roughness Reynolds number greater than 70, the
pipe friction factor became independent of Reynolds nurber, Red - vd/v.
This state was described as 'fully rough'. Values of roughness Reynolds
number between 5 and 70 defined a region of 'transitonal roughness'.

Prandtl [10] and von Karman [1l] used Nikuradse's results (in 1934)
to predict the behavior o€ the rough surface boundary layer. These pre-
dictions indicated that th2 boundary layer would attain a 'fully rough'
state such that the skin friction would be a function only of x/ks.
Early rough surface bouudary layer experimental studies were carried out
by Moore [12) and Hamma [13]. Moore looked at air flowing over a flat
plate roughened by regular arrays of square bars attached to its surface.
Haw~a's experiment was carried out with air flowing over surfaces rough-
ened by screens attached to them. Several other experimenters locked st
the rough surface boundary layer, but most notable among these were two
studivz by Perry et al. [14,15] and Liu et al. [16]. The experiments by
Perry and hils co-workers were carried out with lateral rectangular bars
on a flat plate and with zero and adverse pressure gradients. They found
that pressure gradient did not alter the roughness effects on the bound-
ary layer. They also attempted to simulate a change in effective sand-
grain roughness by changing the spacing between the array of bars used to
roughen the plate. They found that changing the bar spacing did not
change the effective sand-grain roughness of the surface as had been ex-
pected. This led them to define a second type of roughness whose beha-
vior, unlike sand-grain roughness, could not be correlated in terms of
an external length scale, but scaled on the 'logarithmic asymptote'.

This is the distance betwesn the top of the roughness elements and the
apparent surface of the plate, the plane where the velocity profiles
extrapolate to zero.

The experiment by Liu was conducted in water using an array of rec-
tangular bars to roughen the otherwise smooth surface. Liu also varied
his bar spacing to change the roughness of his surface and determined
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equivalent sand-grain roughnesses for all surface roughness that he
tested. He was not able, however, to correlate his skin friction data
from different surtace roughnesses with # single x-Reynolds number ex-
pression. Liu's report also contains a very complete table of both the
experimental and analytical work that had been done till then (1966) for
both 1ough pipe and boundary layer type flows.

More recent rough surface hydrodynamic studies have buen made by
Grass {17]), who used a hydrogen bubble technique to measure iastantaneous
velocity distributions in a water tunnel above a sand-grain roughness.
His study documented details of the turbulent structure near the wall.
Wu [18] used a tloating element balance to measure skiu friction in an
alr tunnel with a sand-grain roughened surface. These tests showed
'fully rough' behavior and agreed well with the Prandti-Schlichting pre-
diction. 7Tsuji and Iida [19] examined velocity profiles over rough
surfaces and showed that they could be predicted using a modified mixiag-
length approach, maintalning & non-zero value of the mixing length at
the wall, 1In a related study, Antonia and Luxton [20] investigated the
effect of 2n abrupt change from a smooth to a rough surface. In this
study the rough surface was constructed from parallel square bars like
many earlier studies, but one of the bars was instrumented with static
pressure taps to provide a direct measure of form drag. The method of
measuring form drag on individual roughness elements was also used by
Perry [14]. Townes ¢t al. [21,22] have studied the structure of turbu-

lent flow in sand-grain roughened pipes.

B, Previous Heat-Transfer Experimental Work

Much less has been done in the field of heat transfer. Onme of the
first systematic rough surface experimental studies was carried out by
Nunner [23]. These experiments used air flowing through rough pipes.

The results were used to establish a simple empirical relationship between
the increase in Nusselt number due to roughness and the increase in the
skin friction. Several important heat transfer studies followed, notably
by Dipprey and Sabersky [24), Uwen and Thompson [25] and Gewen and Smith
[26].

g — - -~ - e




e et T

Dipprey and Sabersky looked at the flow of four fluids of different
Prandtl numbers through one smooth pipe and three rough pipes. These
studies demonstrated that rough wall heat transfer varied with the
Prandtl number, even in the fully rough regime where molecular viscosity
effects seem not important.

Owen and Thompson proposed a flow model near the rough surface which
explains why increasing surface roughness can increzse the heat transfer.
Based cn their ideas, they developed an expression for a sublayer Stanton
number which was able to correlate a large block of the rough pipe heat
transfer data.

Gowen and Smith studied flow in several rough pipes using fluids of
three different Prandtl numbers. In one 7f their pipes they were able to
make temperature profile measurements in the flow over the rough wall.
Like earlier investigators, they developed an expression for rough wall
Stanton uumber based on the rough wall skin friction, but in this case
they were able to include information obtained from their temperature
profiles,

There were, of course, other rough wall heat trardfer -~tudies, mostly
confined to internal flow applications. Two papers which sirmarize this
work are by Sood and Johnson [29] and more recently by Nor.sis [30]. The
survey by Norris points out that of the many forms of rough wall heat
transfer correlations that have been proposed, none is simpler or has had

a great deal wore success 1 correlating the data than the simple expres-
sion by Nunner,

n
%ﬁ: - (‘éz) : (1-1)
where the exponent n can be expressed as a functlon of Prandtl number.
The general form of this relationship is shown in Fig., 1.1 and Norris's
recommended Prandtl variation is shown in Fig. 1.2. An approximate ex-
pression for the exponent is:

a = .68(r)° i (1-2)
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An interesting feature of all the pipe experiments is that there is a
‘ceiling' which curresponds to a rough-to-smooth skin friction ratio of
about 4.0. This ceiling seems to vary with the type of roughness, with
sand-grain roughness producing lower heat transfer than surfaces rough-
ened with wires and square ribs. This range in the heat transfer celliing
is shaded in Fig. 1.1. For lncreases in skin friction above this ceiling,
there is not 4 corresponding increase in the heat transfer.

There continuvs to be current interest in rough wall heat transfer,
Much of it is specitically related to heat transfer to nose cones and
other re-entry vehicles. Unfortunately, much of the work done is not
in the open literature. Two related studies by Reshotko [27] and Boldman

aud Graham [28] examine heat transfer to a nozzle with a rough surface.

C. Roqgh-Surfuce Heat-Transfer Models

Several autliors have presented prediction methods for rough wall
boundary layer heat transfer. Lntegral boundary layer prediction
schemes which include roughness effects have been described by Dvorak
[32,33) aud by Chen [31]. Nestler [34] has proposed a scheme using a
correlation by Owen and Thompson to relate the increase in Stanton num-
ber due to roughness to the increase in the skin friction and other
boundary layer parameters. Finite-differeunce turbulent boundary layer
prediction schemes which include roughness effects have been described
by Lumsdaine et al. [35] and by McDonald and Fish [36], Each of these
studies has modified the mixing~length distribution to introduce rough-
uess effects. The Lumsdaine paper discusses a prediction program for
skin friction only. It employs a van Driest type dauped mixing-length
wodel near the wall., Tlo account for roughness, they icllow the recow-
wendation of van Driest [39] and add an additional term to the wining-
length damping expression which includes a roughness parameter.

The Mcbonald and Fish method iuncludes both skin friction and heat
transfer calculations. Roughness effects are entered through the mixing-
length damping by defining an incremental damping due to roughness which
is added to the normal boundary layer damping. This damping effect is
the sole means of including roughness effects into both the hydrodynamic

and heat-transfer predictions in this method.

5




- ———— et —

D. Objectives of the Present Research

The first objective of this study was to find a suitable rough sur-
face to test. We sgought a surface which was at the same time repeatable,
describable, and also porous.

The gecond objective was to measure the heat transfer from the rough
surface to a turbulent boundary layer over a wide range of free-stream
velocities. As a secondary part of this objective, the overall hydrody-
namic performance of the rough surface was to be determined in terms of
boundary layer growth and skin friction.

The third objective was to study the effect of blowing on the rough
surface heat transfer to determine whether or not trauspiration changed
the effective roughness.

A final objective was adopted after the apparatus had been comple-
ted and testing had begun: to study the effects uf roughness and blowing
on heat transfer in the transition region. At the lowest test section
velocity, it was discoveved that a fully developed, laminar boundary
luyer existed over the first quarter of the t2st section. It was de-
cided that instesd of tripping the boundary layer at the test section
iulet to iwmediately establish & turbulent layer, that we would exawine
the effucts of blowing and test section velocity ia the tramsition
region as these data would be of considerable interest and could be ob-
tained at minimal cost.

E. General Featureyg of the Progr. m

Splierica) roughness elements were selected for this study. The
test surface was constructed from Q.050 inch diameter O.F.H.C.
copper balle arranged such that the surface formed a reguiar array of
hemispherical caps. This surface was mcre regular than sand grains,
being geometrically describable, but wore iike sand~-grain roughness than
the transverse-bar roughneas elements used in other tests.

High-conductivity copper balls were used in fabrication of the sur-
face to ensure a high thermal conductivity of the porous plates. With
a high-conductivity surface, heaters can be embedded into the plate aad
yield a uniform gurface temperature, independent of whether the transpi-
ration 18 "on" or "off". This allows us to use the same surface to test
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both the unblown as well as the blown boundary layers. This is a neces-
sary requiremeut if we are to determine if blowing changes the effects
of surface roughness.

The apparatus comstructed to tegtc this rough surface has the capa-
bility of operating over a wide range of free-stream conditions selected
to optimize the usefulness of the data. Fig. 1.3 ghows an operating map
of the rough surface heat transfer apparatus. The coordinates used for
this map describe the performances in terms of a roughnesgs particle-size
Reynilds number and an x~Reynolds number. <The range of test section
velocities of the riy vas selected such that at a given particle-size
Reynolds number, the x-Reyroids number could be varied by a factor Jf

103. In these coordinates, it's possible to overlap operating conditions

with the existing smwooth surface boundary layer apparatus. The rig
operating parameters were also restricted to ensure an essentially
constant property boundary layer to minimize the effects of variable
fluid properties.

The following chapters describe the heat transfer apparatus and its
qualification tests, the data which have been obtained in these tests,
and, finally, the attempts to predict the data with a finite~differeance
boundary layer prediction program.




—-— S .

ER N e ——— —— —— -

- —— o —

3.00 1 7Ty T YT ““7“7"'!’"!’7
2.5+ Pr=0.71 '
2.0 p—
Su
Nu
B
1.5 = pu—
1.0 1 i 1 1 | S
1 2 3 4 S 6 7 8 9 10

flfs

Fig. 1.1 teat transfer increase ratio, rough-to-smooth Nusselt number
versus rough-to-smooth friction factor

A I B B 1 v T T T T T T
n 1.0} -
h- —
= —
e Sl

o.sl1 1 | - L0 I N S B
0.7 1.0 2.0 3.0 4.0 5.0 10.0

Pr

Fig. 1.2 Friction factor ratio exponent

- ———— o . SUE N — ————
B S —— - s h o —— -——

-,

-

g

.

——c—




§ v o P i

e

—

F“ r——‘ p—

&

10

L L 1]

|

= - —

N\
) {t/sec
N
10 N\

——— g,

Distance along plate = 1.0 2.0 4.0 8.0
oA AN
u_ = 250 ft/sec —\'\SA\ S AN, N

200 ft/sec Oy /4 //-
AN

ROUGHNESS RIG
100 ft/uec g CPERATING DOMAIN
\Y r© = .025" (ball radius)

:- N /
A
: _: ‘\ N\ u, = 250 tt/sec
25 ft/sec S S — 200 ft/sec
e, Ny’ A

N
N, EXISTING HMT RIG

N < -— 100 ft/sec
AN OPERATING DOMAIN

N v = .0025" (particie
\ radius)

- = 50 ft/sec

25 ft/sec
_1.0 2.0 4.0 8.0 UDistance along plate
10 Lo aanal b 1 1l L d
10° 108 10’
Re
X
Fig. 1.3 Roughness Riy operating map, x-Reynolds number versus rough-

ness elfze Heynolds number

0y et

PRI R



CHAPTER II

THE EXPERIMENTAL APPARATUS

The apparatus used in these experiments was constructed especially
for this study and in the discussion that follows, it will be referred
to as the Roughness Rig. The Roughness Rig is¢ located in the Thermo-
sclences Laboratory on the second floor of the Mechanical Engineering
Buil ing at Stanford. Its basic degign was copied after an existing
heat transfer facility which the Heat and Mass Transfer Group at Stan-
ford has used over the past six years to investigate the transpired
turbulent boundary layer on a smooth surface. This heat and mass trans-
fer apparatus was described first by Moffat [1]. References(2 - 8]
describe wmodifications that have been made since Moffat's original ex-

periments. This existing HMT Rig 1s still very much in use and continues

to play an important role in the Heat and Mass Transfer Group's research
activities.

A. Description of the Apparatus

The Roughness Riy 18 & closed loop wind tumnel using air at essentially

ambient conditions. Its test surface consists of a 24-segment porous

plate, 18 inches wide and 8 feet long., Figure 2.1 shows a flow schematic
of the four main rig systems: main air supply, transpiration air supply,

plate heater electrical power system, and the heat exchanger cooling
water system. A photograph of the Roughness Rig is shown in Figure 2.2,
The following 18 a description of the four main rig systems,

A.l The Main Air Supply System
The flow path of the main alr system 18 as follows: (1) main air

blower, (2) overhead ducting to an oblique header, (3) main-stream heat
exchanger, (4) screen box, (5) nozzle to test section inlet, (6) 8 foot
long teat section and (7) & multistage diffuser which returns the main-

stream alr back to the blower.
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The Roughness Rig main air supply blower is a 445~BL Class 3 Buffalo

Blower with a 20 horsepower helt drive. At rated conditions, this blower
delivers 8300 cfm and develops a head of 12 inches of water. The blower
and Jrive are mounted on a 900 lb seismic base to minimize vibration.
Flexible boots connect the blower to the vemainder of the tumnel. The
main alr stream velocity in the test section 1s varied by changing the

pulleys and belts on the blower and drive. The range of blowar speeds
attainable with this drive arrangement is from the blower rated speed
of 2400 rpm down to 372 rpm.

From the main blower discharge, air is delivered through a 24"

diameter overhead duct to an cblique inlet header on the main-stream
heat exchanger. Duciting const:ruction is from galvanized sheet metal

with gasketed joints and sealed internally at all szams with a silastic

o -
i

gasket sezler material. The oblique inlet header to the heat exchanger
wags designed based on recommendations by Wolf [40]. The header shape
is specified for uniform flow distribution and minimum pressure loss.
The header supplies air to a 5 row, 33" x 48" heat exchanger used
- for main air stream temperature control. The heat exchanger cooling
water 18 continuously pumped from a holding tank through both the main-
[ stream heat exchanger and the transpiration air heat exchanger. 1In
operation, the cooling water temperature is adjusted until the main-

stream air at the test section inlet is at swuoient temperature. This

avolds the formation of a thermal boundary layer prior to the test section
inlet.
The heat exchanger is followed by a screen box containing four

e

stainless steel, #40 mesh, 0.0065" dia. wire screens. The screens were

8ized to minimize the mean field velocity disturbances as well as reduce

the main air stream turbulence level. Based on the work of Schubauer
et. al, {41], this screen pack should reduce mean velocity disturbances

by a factor of 600 and turbulent fluctuations by a factor of 10. The
screen pack combined with the large area contraction nozzle provides a
uniform and well damped inlet velocity field to the test sectionm.
Details of the inlet velccity field measurements are reported in Section
F.

11
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The nozzle accelerates the flow from the screen box to the test
section inlet, a 19.8 to 1 area contraction. The nozzle wall design is
based on a polynominal shape as recommended by Rouse and Hassan [42].

This conforms with experilence in designing similar nozzles at Stanford.
The wall shape, which is8 a two-dimensjional contraction, has been chosen
such that both the fiist and second derivatives of flow area are zero at
the nozzle exit. There is a slight acceleration in the inlet flow to
avoid possaible geparation in this region. This was accomplished by
designing the nozzle length for 40" aund cutting off the first inch when
the nozzle was actually built. A teledeltos model of each of the nozzle
walls was used to insure that the nozzle smoothly accelerated the flow
and there was not sepuration at inlet or exit.

The test section consists of the test plate assembly, two side walls
and a movable upper surface. At the inlet, the test section is 20 inches
wide and 4 inches high. The upper surface is pivoted at the inlet so that
it can be adjusted to give elther an increasing or decreasing flow area
in the flow direction. The top and side walls are constructed from contin-
uous sheets of 1/2 inch thick plexiglass. The top is sufficiently flexi-
ble so that it can be warped to accomodate the nonlinear growth of the test
section boundary layers. The side walls contain two sets of static press-
ure taps, on 2 and 12 inch centers in the flow direction. The pressure
taps on 12 inch centers in the flow direction are used to position the
top to achieve the desired free stream velocity distribution. The tests
described here were conducted with uniform free stream velocity. To
obtain this tesst condition, the top wall is set, experimentally, for
each run by adjusting it until there is no measurable change in static
pressure along the test section centerline. 1Im practice, local deviations
of +.001 inches of water were accepted. A probe sled, which spans the test
gection, locks onto the side walls in fixed positions over the center of
each of the 24 individual test plates. Probes, supported from this sled
extend down through access holes in the movable top. In addition to the
access holes along the test section centerline the second, eleventh and

twenty-third (of twenty-four) of the individual test plates are pro-
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vided with a full set of access holes extending across the width of the
test section on one inch centers. These are primarily to examine boundary
layer uniformity in the transverse direction.

Flow from the test section exits into a multistage vaned diffuser.
The diffuser inlet has a movable top to allow alignment with the test
section top. The inlet section 1s followed by three separate vaned two-
dimensional diffusion sections finally emptying intc a plenum box. The
diffuser area ratio between test section and plenum box is in excess of
7:1. The plenum box is coanected to the main blower inlet through a
flexible boot. Each of the individual diffuser sections were designed
based on the experimental work of Cocharan and Kline [43] and the total
diffuser recovers approximately 40X of the kinetic energy head in the
flow leaving the test section. A small charging blower is attached to
the plenum box t¢ make up air leakage from the tunnel. This blower is
used to ensure that the test section static pressure 1s equal to the
ambient pressure in the laboratory. This avoids any leakage of air imto
or out of the test section which might disturb the two-dimensionality
of the flow.

Appendix A contains a brief description of the construction details

of the screen box, nozzle and diffuser.

A.2 The Transpiration Air Supply System ;
The flow path of the transpiration air system is as follows: (1)

inlet air filter box, (2) transpiration blower, (3) transpiration heac

exchanger, .4) transpiration flow header box, (5) individual delivery

tubes to each of the porous plate sections.

The purpose of the inlet filter box is to prevent clogging and con-
tamination of the porous plates. It is constructed using 5 micron re-
tention filter felt material and is sized to have 60 square feet of filter
area.

The filter box is connected to a Buffalo type V, size 25 blcwer.

This blower is driven by a 15 horsepower, 3600 RPM motor, connected .
directly to the blower. In this configuration, the blower runs at omne i
speed and transpiration flow is controlled by ball valves in the individ-
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ual delivery lines. This particular blower was designed for a higher
volumetric flow than is required at low tranvpiration rates. In order
to avoid off-depign operation, the blower was equipped with dump valves
so that a part of its discharge air could be dumped back into the lab.
It was found, however, that the hlower performance was stable over the
entire flow range of interest in these experiments without venting its
discharge.

Transpiration air from the blower is delivered through a 10 iach
flexible duct to a large box containing the transpiration air heat ex-
changer and bypass system which allows partial or total heat exchanger
by~pass. A 5 row, 18 x 24 inch heat exchanger is uced in the transpira-
tion system. The heat exchanger receives its cooling water from the
same recirculating water system which supplies the main air heat ex-
changer. From the heat exchanger enclosure, the transpiration air 1s
passed through several mixing turns, then dumped into a header box. 1In
operation, the heat exchanger and its by-pass system are used to insure
that the transpiration air is delivered to the header at ambient temper-
ature. This avoids the formation of temperature gradients in the de-
livery system which acts itself like a heat exchanger between the tran-
spiration air and the laboratory.

The transpiration header box is physically located under the test
section. Individual supply lines, one for each porous plate, are con-
nected to the gide of the header box. The first section of each supply
line is a 3 foot long riser reuching from the header box to a ball valve
used to control the flow to each plate. In each riser section, upstream
of the valve, 18 a hot-wire type flowmeter. Details concerning the
fabrication and calibration of these flowmeters are described in Appendix
B. The hot-wire flowmeter was chosen because of its wide sensitivity
range. The range of flows which must be accurately meterad to cover the
operating range of the Roughness Rig 18 from less than 1 cfm to over 50
cfm. To cover this range with a loss-based metering system such as an
orifice or rotameter would require two or more parallel meters in each
line. To complete the supply line from the control valve to the test
plate assembly, 1 inch flexible tubing was used. This final 1link in
the supply line makens the Roughness Rig transpiration system compatible
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with the existing HMT Rig plate assemblies. It wculd be possible to

install the existing smooth plate agsemblies on the Roughness Rig and

they would be completely compatible with the transpiration system. To

m.nimize the inte:action between the transpiration air and the surround-

ings, the header box and supply lines have been insulated. The header

{' box is covered with a layer of aluminum foil backed, rock wool ingula-
tion and the supply liunes have been encased in a cardboard and masonite

[ zone box to insure a thermally uniform environment for the system.
Thermocouples in the individual supply lines indicate temperature dif-

{ ferences on the order of one degree Fahrenheit from end to end of the

. 8 foot header box, the hotter end being nearest the transpiration blower.

When a blown boundary layer is eatablished in the test section, the

1 transpiration system operates in an open loop mode. Transpiration air
is drawn in through the filter box and delivered to the test section.

! It is then dumped, downstream at the diffuser plenum box. The small
charging blower which is used to control test section pressure is dis-

! connected and air i{s bled from the diffuser plenum box through a control

slide valve. Test section static pressure can easily be balanced to

{ match the ambient pressure by controlling the flow of air through the

( control valve.

When boundary layer suction is required the flexible duct connection
is moved to the suction side of the blower and the blower discharge is
used to charge the diffuser plenum to provide test section static pree-

sure control.

A.3 The Plate Header Elactrical Power System

The plate hearer power supply is a 750 amp, 24 kilowatt Lincoln Arc
Welder. The field r~~istance of the welder has been modified to fix its
output at 22 volts D.C. Power connections are made to the ground and
'high point' taps on the welder to minimize line voltage droop with in-
creasing load. Power is delivered to a bus bar box mountud on the gide

r‘“r—.'———»

! of the Roughness Rig th.ough overhead copper bus bar system. Each in-
| ’ l_ dividual plate has its own heater which consists of a single piece of
‘ #26 AWG stranded copper wire with irradiated PVC insulation. This wire
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is laced back and forth in eight grooves in the back of the plate. Ends
of the heater wire are connected to #12 AWG stranded copper leads which
pass through the side ¢f the aluminum support casting. One heater lead
is connected to a precision ammeter shunt, one for each plate, and then
to the ground bus bar in the box. The other lead is conmnected to a
power transistor mounted on the other bus bar in the box. The power
transistor is part of the power control circuit for each plate heater.
Plate power is controlled by individual amplifier circuits, one for each
plate, which can adjust heater voltage. All of the control circuit ele-
wents except the power transietors on the bus bar have been reduced to
a printed circuit assembly, 6 channels per board and are mounted in a
card box behind a control panel in the instrument console located on the
left of the rig, sse Fig. 2.2, On this control panel are potentiometers
with digital read out faces and emall edge voltmeters which indicate
heater voltage for each channel. The plate voltage and therefore the
power is proportional to the potentiometer setting for that channel. By
recording pot settings from a particular run, test conditions can be very
nearly repeated by resetting the pots to their former scetting. A detailed
description of the power control circuits is given in Appendix C. The
bus bar on which the power transistors are mounted acts as a heat sink
for the power transistors. Under certain conditions these transistors
reject a substantial heat load and it is necessary to provide water
cooling of the bus bar. This was accomplished by soft soldering 1/2 x 1
inch rectangular copper wave guide into two parallel grooves milled
lengthwige in the surface of the 8 foot long, 3 x 3/8 inch copper bus bar.
The wave guide is used as a cooling water passage to reduce transistor
temperatures. A magnetic valve wired into the starter switch circuit
for the welder power supply automatically turne the bus bar cooling
water on when the welder is started. A time delay relay set for a one
minute delay insures that the bus bar cooling continues until after the
wvelder has coasted down once it has been stopped.

Heater pover measurements zre nade by measuring the voltage drop
across the heater and across a precision shunt in the heater circuit.

Heater voltage and shunt voltage leads are carried in shielded pairs to

16
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selector switch read-out stations. These selector switches are 'zone
boxed' to prevent any thermally induced, stray signals which could intro-
duce errors in power readings.

These read-out stations are also equipped with VIDAR plug connections
which will allow automatic data acquisition at a latc~ date. The ammeter
shunts used for power read-out were individually calibrated, in plece,
against a high precision shunt from the Thermosciences Measurements Center.
In addition to individual shunt calibration, the shunt connections were
potted with RIV compound to insulate them against possible external thermal
effects and each of the 24 shunts were provided with an air cooling system
to insure that there would be no stray thermally induced EMF signals.

A.3 The Heat Exchanger Coolin37Wnter System

Cooling water for both the main air and trenspiration air heat ex-
changers 1is supplied from a single loop which continuously circulates
cooling water through both heat exchangers from an insulated holding tank.
By maintaining a high water circulation rate, in excess of 20 GPM, temper-
ature gradients across the heat exchangers are miaimized. This ensures
uniform temperature in the air being cooled. The main air heat exchanger
is sized to remove the heat load from the main blower as well as the
hegter power added in the test section. The traunspiration air heat ex-
changer removes the heat load due to the transpiration blower. Temper-
ature control of the cooling water 1s achieved by dumping a portion of
the heat exchanger return water and making it back up from the water
supply main. The make~up water 18 mixad in the holding tank to provide
a4 buffer against temperature fluctuations in the supply watcer. It was
found that the cooling water temperature dominated the exit air temper-
ature from both the main and transpiration air heat exchangers. This
was not unexpected for an air-water system with high effectiveness heat
exchangers such as are uged here. By holding the circulating water
tenperature just below the ambient temperature, the exit air temperature
from both heat exchangers can be held at the laboratory ambient temper-

ature.
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B. The Test Plate Assembly
The test plate assembly forms the bottom surface of the Roughness

Rig test section. Its design has been copied after the test plate
assembly used in the existing HMT Rig. It is 22 inches wide, 2 inches
wider than the inside dimension of the test section, and 96 inches long
in the flow direction. It ia made up of four subassemblies, bolted to
a common support structure. Each subassembly ccnsists of an aluminum
casting in which are mounted 6 individual porous plates, each 4 inches
wide and 18 inches long. The porous region of the test surface thus
is 96 inches long and 18 inches wide., A photograph of a machined casting
1s shown in Fig. 2.3. A cross section through one of the plates and the
compartment in the aluminum casting beneath it is shown in Fig. 2.4.
Transpiration air enters through the air delivery tube from the
flow control valve. Like the smooth plate HMT Rig, a one inch delivery
tube is used for each compartment. The air jet entering the lower com-
partument is diverted by a baffle plate to avoid direct impingement on
the pre-plate. The air flow in this first inlet plenum way be poorly
distributed and may have significant eddies. To protect the working
plate, the upper surface of the inlet plenum is a porous bronze pre-
plate which provides a pressure drop type damping of the maldistribution.
Alr passing through the pre-plate is distributed no worse than the
variation in permeability of the commercially available pre-plates.
Directly above the pre-plate is the thermocouple location for
measuring the temperature of the air delivered to the porous plates. A
layer of honeycomb material is fastened to the bottom surface of the
porous plates. This honeycomb has hexagonal cells, 3/16 inch in diameter
and 1s 3/8 inch thick. The honeycomb acts as a 'flow straightener' for
the flow from the pre-plates. It also eliminates eddies or jets which
could cause both flow and temperature maldistributions. The honeycomb
not only isclates the plate from contact with eddies in the underbody
region, it significantly reduces the radiation view factor between the
back of the plate and the underbody. Essentially all that the back of
the plate can 'see' through che honeycomb is the pre-plate directly below
it.
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Thermocouples for measuring the plate temperatures are set into

the porous plate with their junctions located .068 inches from the ball
crests which form the rough surface. The surface and air temperature
thermocouples are 0.010 inch diameter iron-constantan thermocouples.

The electric heater wires are stranded, 26 AWG copper wire. Ir-
radiated polyvinyl chloride insulation for the wire was chosen for the
temperature tolerance of this material and a series of glue bond tests.
The heater wires are glued into greoves spaced 0.43 inches apart on the
back of the porous plates with a thin bead of Armstrong A-31 epoxy. Each
plate is supported along its long adges by a 1/32 inch thick linen-
reinforced phenolic stand~off{. These strips serve to thermally isolate
the plates from the castings and minimize heat logses. The phenolic
strips are glued to the sides of adjoining plates and inserted intc
slots milled into the web dividing two adjacent compartments in the
casting. Care was taken to provide an air tight seal entirely around
each compartment to prevent leakage between adjacent compartments.

Asgsembly of the plates into the casting is a hand operation since
adjacent plates must fit together with a minimum disturtance to the
surface roughness pattern. Small irregularities between plates were
corrected by hand-finighing and matching each group of six plates.

The first step in the assembly was to glue the hand fitted group of six
plates together to form a continuous sheet, 18 x 24 inches. Between
each pair of plates, the phenolic etand-offs are also glued in place.
This gluing assembly is made by clamping the plates together on a pre-
cision surface table, under a high clamping load. The next step was
installation of the heater wires in each of the plates. The casting

and plates were next assembled together, again on a surface table,
clamped together. Figure 2.5 shows a photograph of the clamping arrange-
ment used for gluing the casting and plate assembly together. The final
step was the installation of the honeycomb, thermocouples, pre-plates
and the bottom plates on the castings. On the top surface, balsa filler
etrips were used to f1ll the gap between the plate edges and the top
surfaces of the casting side rails. Figure 2.6 is a photograph of the
back of the plate agsembly showing the honeycomb, thermocouples and pre-
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plates. A photograph of the top surface of the casting assembly in

Pt

place on the support structure is shown in Fig. 2.7.

Five suiface temperature thermocouples are installed in each plate.

One is in thr geometric center of the plate., The remaining four are
arranged 1 1/3 inch upstream and downstres~ and three inches to the

| right and left of the central thermocouple. Ihis array can sense t.:mper-
ature gradients both in the flow direction and in the transverse direc-

mize thermal and hydrodynamic edge effects.
Casting temperatures are measured by thermocouplee installed in

tion. The area enclosed by this thermocouple pattern is considered to

be the measuring area, the rest of the plate acts as a ‘guard' to mini-

every other web of each caating at the test section center line. Temper-
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in Section E of this chapter.

‘ C. Porous Plates

sintered plates exhibited permeability variations of 20 to 30%. The

eliminated sintering as a possibility.

ature control of the casting is provided by cooling wat.-- tubes in the
casting webs. 7To maintain casting temperature as close as vossible to
the transpiration air temperature, the casting cooling water is first
circulated through a copper tube heat exchanger inside the transpiration
header box. The purpose of holding the casting temperature at the tran-
spiration air temperature is to minimize heat transfer between the tran-
spiration air and the casting. Aany heat exchange after the temperature
of the gas stream has been megsured in the casting underbody would in-
troduce an energy balance error. Casting temperature cratrol is also
useful to evaluate conduction losses from the plates as will be discussed

: When construction was began on the Roughness Rig, considerably effort
} went into the problem of plate fabrication. The porous plates used in

| the smooth plate HMT rig were made by sintering carefully screened bronze
particles whose average diameter was .005 inches in a stainless steel
mold, under Stanford supervision. This was necessary because commercially

de-

cision to use 0.050 spherical particles on the Roughness Rig virtually
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C.1 Plate Fabrication

When construction of the Roughnesg Rig began, several west coaat
vendors were contacted and asked to submit samples of sintered porous
plates for porosity testing. Only one vendor, the Commercial Filter
Corporativn of Los Angeles, submitted a sample. This was constructed
using bits of a .030 inch bronze wire sintered into an 8 inch square,

1/2 inch thick plate. Tests revealed that the porcsity of this sample
was highly non-uniform and it was not acceptable., At this game time,

the decision was made to fabricate the plates by assembling particles,
ruther than by a bulk process, and O.F.H.C. copper balls were chosen as
ideal elements. The problem then became one of joining the balls to-
gether. Brazing seemed most likely to succeed, providing the braze
material couid be uniformly applied. Discussions with brazing specialists
revealed that a nickel-phosphorus brazing alloy could be deposited on the
copper balls. This established the technique which was used tn fabricate
the porous plates used for the Roughness Rig. The plates are constructed
from O.F.l.C. copper balls, .050 inches in diameter. The braze material
wag provided by plating each ball with .0005 inches of electrolesa nickel.
The balls were then arranged by hind into rows and layers inside copper
molds in their most dense array and fired in an inert atmosphere furnace
to just above the melting temperaturc of the nickel plating. This re-
sulted in a brazing together of the ball pack into a uniformly poroua
plate. The plating material, as it meltec, formed small fillets between
adjacent balls at each contact point. A close-up photograph of the sur~
face of the porous plate is shown in Fig. 2.8, The final dimensions of
each plate were 18.0 x 4.0 x 0.5 inches. This method of plate fabrica-
tion, although tedious, provided a well defined surface roughness pattern

and uniformly porous plate for the trangpiration experiments. A more de-
tailed description of the plate fabrication technique is given in Ap-
pendix D. |

C.2 Plate Heaters -

Eight heater grooves were formed in the back surface of each plate
by omitting eight of the rows of balls. The allowable heater wire spacing
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is governed by the requirement that the temperature of the top surface

r——

of the plate remain uniform. The uniformity of teaperature across the
top plate surface is determined by the wire spacing, the thermal con-
ductivity, the plate thickness and the transpiration flow rate. An
analysis of this problem was carried out by Moffat (1] when the original

| HMT Rig was designed. Using paramecters frum his analysis, the tempera-

7 ture non-uniformity in the Roughness Rig plategs have been egtimated to

i; be on the order of 0.N1°F. A key parameter in this analysis is the
thermal conductivity of the porous plate. In order to estimzte the
thermal cenductivity of the Roughness Rig plates, vhe ball pack was
thermally modeled by a series of resistances iepresenting the ball layers
and nickel connecting spots. Several brazed samples were examined under
a4 microscope to estimate the gize of the braze connections between ad-

Jacent balls. These varied somewhat but & congervative size for the
connecting 'spot' diameter was .008 ioches. Using this as an average
spot size, the conductivity of the ball pack becomas 30 BTU/hr £t °F.

This is the value used for the estimate of surface temperature uniformity.

1t can be argued that this is a somewhat conservative estimate since

the arrangement of the balls in the pack are such that a given ball is

in contact with 6 surrounding balls on the same layer, but with only

3 balls each in the balls layers above and below. Since the conductivity
of the ball pack 1s controlled by the size and number of contact spots,
thy ball pack used for the Roughness Rig has a higher apparent thermal

‘ conductive across a given ball layer than it does between ball layers.

6 C.3 Thermocouple Installation

Plate thermocouples were imbedded to a depth that located their %
Junctions at the center of the ball layer below the surface ball layer.
Several braze sumples were drilled for thermocouple holes and then
sectioned to examine the condition of the ball pack around the ho'e.
The brazing process apparently removes all the temper from tha OHFC
copper balls and they become very soft. It proved difficult to drill
the ball pack and the technicians had to carefully prepare the drill
bit used for this operation to achieve clean holes. The soft copper
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actually wiped iteelf at tihe hole surface. The holes appeared to be
through so0lid material when examined in cross section.
examivation, it appeared as if the interstitial regions between ball
layers were covered with a very thin layer of copper at the hole surface
80 the hole apprared to have a solid wall. PFurther, by drilling the
holes on a milling machine, it was possible to locate the bottom of the

Upon cloaer

hole at a ball center in the ball layer In this
location, the thermocouple junction was
the surtace layer of balls. Because of

ball pack, the tumperatures recorded by

below the surface.
,068 inches below the top of
the high conductivity of the
these thermocouples were taken

r
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to be the plate surface temperatures. The thermocouples were installed
by partially tilling the holes with apoxy using a hypodermic needle,
then ingerting the thermocouple into the hole until it was felt to bot-
tom out. This resulted in a small collar of epoxy squeezing up around
Every installastion was
examingd from the front surface and there were no cases where bleeding

through of the epoxy around the thermocouple holes could be detected.

the thermorouple at the plate back surface.

C.4 Plate Permeability

Uniformity of plate permeability is an important requirement for
any transpired boundary layer experiment. Non-uniformities can result
in variations in both surface temperature as well as local transpiration
rate. Permeability measurements on the plates used in the smooth plate
tMT rig were made before their installation.
which sesled off both faces of the plate except for a 3/4 inch diameter
The

pressure drop across the plate provide the measure of the resistance

An instrument was developed
spot, and then forced a meterod flow of air through that spot.
to flow through the test area. With this device, porosity mips were
constructed by making msasurements on ons inch centers over the surface
of each plate.

Porosity variation measurements on the Roughness Rig plates were
made after the plates were in place in the sub-assembly castings, with
thermocouples and heater wires installed, using the actual rig transpira-

tion air supply systeaw. After assembly of each caeting was complete, it
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wags installed on the rig support structure, with the transpiration air
supply connected and test section sidewalls but not the test section top
in place., A constant current hot-wire anemometer was supported on a
traversing mechanisn mounted on the sidewalls. It was adjusted to a
height of about 1/8 inch above the plate surface. Output from the
anemometer was run directly into an X-Y plotter. A resistance bridge
built intc the traversing mechanism drove the plotter such that the pen
movement across the graph corresponding approximately to probe movement
over the plate. This set-up was used to map the surface velocity of

the air delivered through each plate.

Initial results from these tests ylelded velocity traces which
appeared very lumpy at high blowing rates. The non-unifcrmity in velocity
was several percent and the gpanwise period of the velocity disturbances
appeared to be geveral ball diameters. A literature survey into the
gubject of flow through porous media uncovered several interesting papers
which seem to explain the phenomena that had been observed. Two of
particular interest are by Bradshaw [44] and Morgan [45], both of whom
studied the flow through screens. Both of these studies showed the
existence of a critical velocity in the flow through the porous material.
Above this velocity, the flow emerges from the porous media as a pattern
of jets. These jets coalesce into random groups because they can only
entrain fluid from each other. The velocity field investigated by
Morgan was behind a two dimensional grid. It showed the same onset of
a lumpy setructure with a period that was two or three times the grid
spacing. To confirm that the "lumpy" surface velocity measurements
were the result of the coalescence of the jets leaving the plate surface,
the tests were repeated over a wide range of surface velocities. Re-
sults from these traces are shown in Fig. 2.9. Here the surface velocity
traversss have been superimposed in a single graph. The top graph shows
the results obtained by starting at a high surface velocity and reducing
it. The top curve is for a surface velocity of 0,39 ft/sec. It shows
the lumpy appearance which was observcd over all the plates. The mag-
nitude of the non-uniformities is reduced as the surface velocity is

reduced but they are still clearly present at 0,21 ft/sec. The velocity
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is much smoother at 0.18 ft/sec and at lower surface velocities. This
indicates there is a critical velocity at or near 0.18 ft/sec. The

lower graph in the figur- shows results obtained when the surface
velocities are increased beginning fiom a low value. Here smooth traces
are obtained up to 0.24 ft/sec. Above this, the lumpy traces reappear
aud peraist to higher velocities. Apparently the onset of the flow
iustabilities have a hysteresis-like tesponse to velocity changes. The
jets continue to coalesce to much lower surface velocities as the surface
velocity is reduced than the surface velocity at which coalescence be-
gins when the surface velocity is being increased.

As a final step to confirm the mechanism, these same tests were
repeated over the porous plates in the existing HMT rig. Again the
flow showed the same luwpy structure, but the velocity traces appeared
much finer grained than had bcen observed over the rough surface. This
was expected siuce the jet pattern over the smooth surface porous plates
should be much finer to start with, It was also noted that the onset
of flow instabilities occur at surface velocities above the normal
operating range of the rig.

The next step was to investigate the possible effects of this jet-
ting action on the heat transfer experiments. It was feared that the
Jetting action might artificially enhance boundary layer heat transfer.
To evaluate this possible effect, a series of eight Stanton number runs
with blowing were made at a test sectioa velocity of 90 ft/sec. At this
velocity, it was possible to run several blowing fractions above and
below the critical surface velocity observed in the permeability mapping.
If there was an effect on heat transfer due to the onset of a surface
Jetting, it should clearly be seen in the heat transfer data. The data
was taken and reduced without corrections for radiation or conduction
losges. Although it showed some scatter, it clearly indicated that
there was no abrupt change in the surface heat transfer. Apparently,
the presence of the boundary flow on the porous surface stabilized the
transplration flow aud there was no onset of instability or any similar
effect that can be seen in the heat transfer data.

The porosity maps for the plates were completed but the flow
striations could be eliminated only by reducing the transpiration
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velocity to low values. At these low levels, the width of the recorded
line was equal to about 5% of the velocity signal. This prevented the
careful resolution of non-uniformities that had been hoped for. With
that regservation, the plate porosity appeared entirely uniform: the
recorded traces contained no discernible evidence of non~uniformities.

D. Rig Instrumentation

D.1 Temperature Instrumentation

All temperature measurements on the Roughnegs Rig are made using
iron-constantan (ISA type J) thermocouples. Many precautions have been
taken to reduce the spurious EMF'a frequently encountered in thermocouple
circuitg. The thermocouples are all brought together at a common test
console zone box where they are connected to rotary thermocouple awitches
for read-out. A diagram of the thermocouple circuit is shown in Fig.
2.10. The thermocouples were made sufficiently long so that the thermo-
couple wire itself coruld be used for the test console lead wires. To
avold introducing sharp temperature gradients in any of the thermocouples,
all plate, transpiration air, and casting thermocouples were thermally
guarded with Polyflo tubing. The test console zone box 1is constructed
from 1/2 inch plywood, lined ingide with 1/16 inch aluminum plate and
insulated outside with aluminum foil backed, rock wool insulation. All
entry ports are gasketed and all busing of wire connections within the
zone box 1s done with thermocouple wire. These precautions were taken
to reduce temperature stratification within the zone box and to minimize
its effect. Thermocouples are mounted at opposite ends of the zomne box
to provide a direct measurement of the zone box temperature gradient,

In its present configuration, temperature gradients greater than 1/10°F
have never been observed. The entire thermocouple circuit uses a single
ice-bath reference junction which is also thermally guarded in Polyflo
tubing to stretch its thermal gradients. Thermocouple output is measured
with a Hewlett-Packard Integrating Digital Voltmeter, Model 2401C.

The most difficult temperature measurement problem in this system

is the plate surface temperature. These thermocouples are glued into
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close-fitcing holes in the bottom of the plate. The wire extending

from the bottom surface is exposed to the transpiration air which is

at a different temperature than the plate. This tends to introduce

an error in the measurement of the plate temperature. To egtimate this
error on the smooth plate HMT Rig, Moffat [1l] developed a thermal model
of the thermocouple treating it like a cylindrical fin, partly exposed to
the plate and partly expoesed to the trangpiration air. The problem is
complicated by the fact that the thermocouple may not be perfectly
bonded in the hole. This problem is modeled by introducing a 'bond
factor' between the plate and thermocouple. Because of the small thermo-
couple wire diameter and relatively deep immersion into the plate,
bonding factors can be taken as low as 0.5 and still have conduction
errors less than 0.1°F for a 20°F temperature difference across the
plate. Subsequent qualification tests on the plate indicated that the
thermocouple error due to imperfect bonding and to other sources are
acceptably small. These tests are discussed in Section E of this
chapter.

None of the temperature measuring locations on the Roughness Rig
are so restrictive in space that conduction error becomes a problem.
Ample immersion depth is available everywhere.

As noted earlier, each plate contains five thermocouples arranged
in a cross pattern. In the tests performed here, these thermocouples
were wired in parallel in the instrument console zome box so that an
average of their collective readings were taken. Care was taken to
8ize all the thermocouple lengths the same for each casting so if they

were ganged together, they would give a true average reading.

D.2 Pressnure

Pressures were measured on a variety of manomsters and transducers.
A 3 inch inclined Merriam Manometer was used to measure tunnel static
presgures and to set the top for zero pressure gradient conditions.
This same manometer was used to record mainstreain total pressure when
test section velocities were below 100 ft/sec. At higher mainstream

velocities, total pressures were read out with a transducer. Two
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Statham unbonded strain gauge differential pressure transducers were
used for velocity profile measurements; a PM5 (pressure range 0 to 0.5
psi) and a PM97 (pressure range O to 0.05 psi). Both units were aquipped
with zeroing bridges and individually calibrated in the Thermosciences
Measurements Center against a precision 30" Merriam Micromanometer. The

H~P 2401 IDVM equipped with an external quartz crystal oscillator clock
was used to read the pressure transducers.

D.3 Flow Rate

Transpiration flow rates for =zach of the porous plates are measured
using hot-wire type flow meters which are discussed in Appendix B. The
flow signal from these meters is from a differential thermocouple which
is read out with the H-P 2401 IDVM using the external clock tc extend
signal integration time. Before each flow meter reading is taken, the
flow meter heater circuit current is checked to insure it 1is set exactly
at the calibration value. This is done by reading the voltage drop
across & precision Weston 1 amp shunt, again with the IDVM,

In addition to the flow meter signal, transpiration air temperature
for each supply line is measured so the appropriate temperature cor-
rections can be made.

D.4 Electric Power Measurement

One advantage of the D.C. power supply system used in the Roughness
Rig is that power measurements are relatively simple. The heater voltage
is measured directly with leads which are attached to the heater wires
Just as they leave the castings. The heater ground connection is made
through individual shunts which are mounted beneath the bus bar box.
Measurement leads from the ghunt and hezter are taken in shielded pairs
to the same instrument console where the thermocouples are read, but
are connected in a separate 'zoned' selector switch station for read
out. The heater and shunt voltage are read separately, using the IDVM,
and plate power calculations are made in the data reduction pcogram
using the individual shunt resistances obtained from an in-place calibra-
tion of each shunt. The plate heater power supply voltages have been

28




o ——— e

T e s, -

carefully scoped to insure that a constant voltage level 1is applied

to each plate over the entire power range. This insures that the
selective sampling of the IDVM will yield a truly representative average
measuresent for the voltage across the heater and ghunt.

D.5 Mainstream Conditions

For all runs, mainstream temperature and total-to-static pressure
were measured. In addition, mean velocity profiles were taken at sev-
eral positions along the test section length. Mainstream temperature
was measured through the circuitry already described with a probe con-
structed using .004 inch iron-constantan thermocouple wire. This probe
is a fixed position version of the traversing probe described by Kearney
[6], The mainstream total pressures were measured with a Kiel-type
probe located in the center of the potential flow region and the static
pressures were taken from the adjacent wall tap. All static wall tapse
were .040 diameter at the wall rlane with 0.125 inch diameter tubing
connections outside the test section.

Mean velocity profiles were taken using a small diameter boundary
layer probe mmouated in a micrometer driven traversing probe holder.

The probe holder is supported from an instrument sled which 1s aligned
with the instrument ports in the test section top using locating pins
and 1s attached with hold down bolts to the side walls. A photograph
of the probe itself is shown in Fig. 2.11. The probe stem is made
from 1/8 inch dismeter brass tubing. Into the brass stem is soldered
a .030 inch stainless steel hypodermic needle which has been bent into
4 C-ghape. The probe mouth has been flattened down to a thickness of
.022 inches.

In use, the probe was lowered until it was in vigible contact with
the rough surface. This could be confirmed with a resistance reading
from a VOM attached to the probe and to a thermocouple in the plate
the probe was centered over. As the probe was traversed away from the
surface, the circuit was broken when the probe lifted from the surface.
This method was uced to locate the first reading with respect to the
crest of the surface balls. The traversing probe was checked at least
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once during each run by comparing it with a Kiel probe to insure it
was not clogged with dirt particles which would result in erroneous
readings. Care was also taken to align the probe before every set of
readings to avoid error introduced by prote yaw.

E. Rig Qualification Tests

The Roughness Rig was tested in detail for reliability before being
approved for use. There were turee types of qualification tests per-
formed: tests of the mainstream condition, instrument system qualifi-
cation tests and energy balance tests to determine validity of the data
reduction program,

E.l1 Mainstream Conditions

Extensive uniformity and stability tests were conducted on the test
section inlet flow by M. Crawford, another member of the HMT group. The
purpose of these tests was to measure mainstream uniformity and local
free stream turbulence intensity. The importance of a uniform free
stream inlet condition is to insure a two-dimengional flow in the test

section. Boundary layer skin friction and enthalpy thickness are inferred

from momentum thickness and Stanton Number measurements and the integral
momentum and energy equations. A two-dimensional boundary layer 1ig
necessary if these techniques are to be used in reducing the experimental
data.

To test mailnstream uniformity, velocity profiles across the test
section inlet were taken uging a differentiasl Kiel probe technique.
The differential traversing employs two identical probes connected to
a differential measuring instrument. This technique allows separation
of gpace-wise and time-wise variation in flow, to & first order at least.
If the velocity field can be represented as a product of two functions;
one varying slightly in space, the other varying in time, then differen-
tial traversiug (using probes of the same time constant) will display

only space-wise variations on the flow field. Two test section velocities

were examined; the lowest velocity, 32 ft/sec and maximum test section
velocity, 242 ft/sec. Messurements were taken at 135 positions in the
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test section inlet plane ai each of the two velocities. The study

showed velocity defects no greater +0.16% at the low test section
velocity and +0.10Z at the higher test section velocity.

Free stream turbulence intensity measurement was also made with a
DISA 55D05 constant temperature anemometer read through a DISA 55D15
linearizer. The velocity fluctuations about the mean velocity were
measured on a Thermosystems RMS voltmeter, Model 1060. Measurements
wvere made at the same two test gsection velocities and at a total of 120
positions in the test section inlet plane. These results showed a
very uniform turbulence intensity over the entire inlet plane with an
intengity level of about 0.4 at both test section velocities. This
was higher than expected but still below levels measured in the existing
HMT Rig. The design objective for the screen pack was a3 free stream
turbulence intengity level of 0.17 to 0.2X%. This higher than expected
level does not limit the rig's performance.

An additional check on the two-dimensionality of the taest section
boundary layer was made by measuring its uniformity in the lateral
direction at the end of the test section. Lateral holes are provided
for this purpose in the test section top over plate ?3. Velocity pro-
files were taken &t the test section center and at two positions on
either side of the center for a tuanel velocity at 90 ft/sec. Momentum
thicknesses trom these profiles are plotted in Fig. 2.12, the variation

can be seen to be no more than +3%.

E.2 Instrument System Qualification Tests

To qualify the plate temperature measuring system a scheme was
used that had been developed for use on the smooth plate IMT Rig.
Rather than calibrate the individual thermocouples, they were calibrated
in place for each plate. This was accomplished uging a plenum box which
could be placed over each test plate in such a way as to collect all
the air passing through the center 6-inch span. The plenum box was
surrounded by four similar guard chambers and was equipped with a
guar